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Superconductor-insulator transitions
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Signatures of a bosonic SIT

d-tuned SIT in granular films as a model system
for Bosonic transition:

Direct:
* Well-defined order parameter amplitude in insulating state



Direct evidence of pairs in insulating state
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Signatures of a bosonic STT

d-tuned SIT in granular films as a model system
for Bosonic transition:

Indirect:

* Broad resistive transitions
* Reentrance behavior in critical region
» Activated/hopping transport immediately on insulating side

« Large negative MR in insulating state



Indirect evidence of pairs in insulating state

granular Bi films

d-tuned SIT
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Indirect evidence of pairs in insulating state

Resistance (1v0)
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SITs in 2D homogeneous films?

The case of binary compound superconductors:
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SITs in 2D homogeneous films?

The case of binary compound superconductors:
magnetic field tuning
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SITs in 2D homogeneous films?

. The case of elemental metal
10° | Increasing

thickness

superconductors:
disorder (thickness) tuning

« Sharp resistive transitions
» Clear phase boundary (no reentrance)

« Diffusive transport immediately on
insulating side

10 -
a-Pb * No significant negative MR in insulating
1 state (small positive low-field MR)
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SITs in 2D homogeneous films?

The case of elemental metal superconductors:

disorder tuning
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SITs in 2D homogeneous films?

The normal-state DOS: D(Ef)
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Motivation

Directly compare SITs tuned by
disorder (d), magnetic field (B), and magnetic impurities (Ml),
on the same ultrathin homogeneous a-Pb films




Making homogeneous films

All these predictions required experimental verification, and my friend
and University mate, Nikolay Zavaritskii, started to measure the critical field
of thin films. Theory and experiment fitted perfectly, including the change of
the nature of the transition: first order at larger thicknesses and second order
at smaller ones. Everything seemed OK but Alexander Shalnikov, the boss of
Zavaritskil was not satisfied. He said that the films used by Zavaritskii were
bad, since they were prepared at room temperature. The atoms of the metal,
evaporated on a glass substrate, could agglomerate, and therefore the film,
actually consisted of small droplets. In order to avoid that, Shalnikov recom-

mended to maintain the glzmﬁ substrate at helium temperature cluring evapo-

ration and until the measurements were finished. Then every metal atom hit-

ting the surface would stick to its plzu:t‘, and the film would be l]t}Illt}gt‘llt‘.{lll."}.

A. Abrikosov, Nobel Lecture, 2003

== > Low temperature quench-condensation



Making ultrathin homogeneous films
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Experimental Setup
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Experimental Procedure

Mount a Si wafer on to the Cu
sample stage

Deposit ~80 A Cr/Au contacts
through a shadow mask (ex situ)

In solder Au wires to contact pads
Deposit 60 A Al cross stripe

Replace cross stripe mask with Pb
shadow mask

Load the dilution unit into cryostat
and cool the system

Below 5 K, deposit Sb and Pb




Experimental Setup

Several in situ capabilities are crucial:

e In situ film growth =»

eStudies of ultrathin films

eExamination of evolution with film thickness
e In situ sample rotation =

e Access to both field orientations

*Fine adjustment of field alignment
* In situ magnetic impurity deposition =

eUnambiguous determination of effect of
paramagnetic impurities
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d-tuned SIT
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d-tuned SIT
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d-tuned SIT
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d-tuned SIT

d~ 8.4A
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d-tuned SIT
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d-tuned SIT
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d-tuned SIT
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d-tuned SIT
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d-tuned SIT
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d-tuned SIT
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B-tuned SIT

Applied Field: 0




B-tuned SIT
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B-tuned SIT
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B-tuned SIT
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B-tuned SIT
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B-tuned SIT
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B-tuned SIT
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B-tuned SIT
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MI-tuned transition
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Direct Comparison
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MI-tuned transition
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MI-tuned transition

MI-tuned SIT as a model system
for Fermionic transition:

 Well-defined resistive transitions

* Clear phase boundary (no

reentrance)
5 ————————————— « Diffusive (weakly localized) transport
' ' on ‘insulating’ side
4F
: * No significant negative MR in
S 3f insulating state (small positive low-
X i .
;D L field MR)
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d-tuned vs MI-tuned transitions

Raw data
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B-tuned SIT
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R,, (Q)

B-tuned SIT: evolution of the reentrant behavior
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R,, (Q)

B-tuned SIT: evolution of the reentrant behavior
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B-tuned SIT: evolution of the reentrant behavior
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R,, (Q)

B-tuned SIT: evolution of the reentrant behavior
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R,, (Q)

B-tuned SIT: evolution of the reentrant behavior
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Reentrance in B-SIT
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Reentrance: a-Pb vs granular Bi vs HTS
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Summary: B-tuned SIT

« Several key aspects of the B-tuned SIT are similar to those
of the d-tuned SIT in granular films.

* Perpendicular magnetic field induces mesoscale phase
separation near H,, resulting in an insulating state with
localized superconducting puddles;

possibly due to mesoscopic fluctuations and local
enhancement of H_,

Spivak and Zhou, PRL 1995
Galitski and Larkin, PRL 2001

* R, determines the Josephson coupling strength between
the superconducting islands, i.e., whether R goes to zero
or infinity at T = 0.

1 ~ The field-tuned SIT in homogeneous
—/ a-Pb films is bosonic in nature.




Parallel field
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Parallel field

d=12.36 A, Ry = 1.89 kQ, T, = 2.504 K
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Parallel field
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Parallel field
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Parallel field
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Parallel field
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thickness dependence
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Effect of paramagnetic impurity

Ry ()

i « Magnetic impurities were deposited in well
i controlled increments
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Effect of paramagnetic impurity
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Different materials
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increasing spin-orbit coupling strength
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Perpendicular magnetic field induces a AT
super-insulating state having localized pairs. 2t
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Summary

In ultrathin homogeneous films of a-Pb:
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Parallel magnetic field enhances superconductivity:

« Large magnetic field-induced increase of
mean-field T

* Presence of paramagnetic impurity is
detrimental to the field-enhancement effect

« Essential role of spin-orbit coupling



